Introduction
============

Colorectal cancer (CRC) is a leading cause of morbidity and mortality worldwide ([@b1-or-0-0-7291]). The most common treatment options for CRC are surgery and chemotherapy, with the third-generation platinum drug Oxaliplatin (Oxa) being a chief therapeutic strategy ([@b2-or-0-0-7291]). However, reports of Oxa-resistance in CRC therapy are gradually increasing, and this acquired resistance has become a major obstacle to patient survival in CRC ([@b3-or-0-0-7291]).

Epithelial-mesenchymal transition (EMT) is an essential phenotypic conversion in embryonic development, tissue remodeling, wound healing, tumor invasion and metastasis. As a dynamic and reversible process, EMT often occurs at the invasive front of many metastatic cancers. The loss of E-cadherin is considered as a vital event in the EMT process ([@b4-or-0-0-7291]). Emerging evidence suggests that EMT plays an important role in acquisition of chemotherapy resistance in various cancer cells ([@b5-or-0-0-7291]). Excision repair cross-complementing group 1 protein (ERCC1) plays a key role in nucleotide excision repair and in removing platinum-induced DNA adducts ([@b6-or-0-0-7291]). Previous studies have revealed that ERCC1 expression is negatively correlated to E-cadherin in lung cancer ([@b7-or-0-0-7291]). Furthermore, overexpression of snail, ZEB1/2, EMT-related transcription factors, can contribute to chemoresistance by promoting ERCC1 expression in head and neck squamous cell carcinoma cells and lung cancer cells ([@b8-or-0-0-7291],[@b9-or-0-0-7291]). In addition, there are some studies indicating that p53 can promote collective cellular migration by inducing EMT ([@b10-or-0-0-7291]).

Dehydrogenase/reductase SDR family member 2 (DHRS2) was first identified as a nuclear protein in the sodium butyrate-treated human hepatoblastoma cell line HepG2 ([@b11-or-0-0-7291]). DHRS2 belongs to the short-chain dehydrogenase/reductase (SDR) family of enzymes that are present in all life forms and are mainly NAD/NADP-dependent oxido-reductases that are active on a large and heterogeneous set of substrates including steroids, retinoids, prostaglandins, metabolites, and xenobiotics ([@b12-or-0-0-7291],[@b13-or-0-0-7291]). *DHRS2* maps to chromosome 14q11.2, which is a region characterized by high-frequency loss of heterozygosis in many different tumors ([@b14-or-0-0-7291]--[@b16-or-0-0-7291]), and high levels of DHRS2 indicate a possible function in tumorigenesis ([@b17-or-0-0-7291]). In fact, DHRS2 has been revealed to be highly concentrated in several types of cancer cells and could be a prognostic marker of prostate cancer ([@b18-or-0-0-7291]), bladder carcinomas ([@b19-or-0-0-7291]), and sporadic breast cancer ([@b20-or-0-0-7291]). DHRS2 is also aberrantly expressed in esophageal squamous cell carcinoma (ESCC) where its overexpression enhanced cancer cell aggressiveness ([@b21-or-0-0-7291]). Further characterization of DHRS2 revealed that its aberrant expression was associated with the mechanisms of drug resistance in acute myelogenous leukemia and gastric carcinogenesis ([@b22-or-0-0-7291],[@b23-or-0-0-7291]). However, it is not known whether there is an underlying relationship between DHRS2 and chemotherapy resistance in CRC.

In the present study, proteomics was used to compare protein expression profiles between the parental colon cancer cell line HCT116 and the Oxa-resistant subline HCT116/Oxa cells. Notably, it was revealed that DHRS2 protein levels were significantly upregulated in HCT116/Oxa cells compared with parental cells. Furthermore, silencing of DHRS2 sensitized HCT116/Oxa cells to Oxa by downregulating ERCC1 through a p53-dependent pathway, and reversed EMT. This finding revealed that DHRS2 could act as an important regulator of Oxa-resistance associated with EMT in CRC, which may suggest novel strategies for defeating Oxa-resistance.

Materials and methods
=====================

### Antibodies and reagents

Primary antibodies against ABCB1 (cat. no. 13342), PARP (cat. no. 9532) and LC3-I/II (cat. no. 12741) were obtained from Cell Signaling Technology, Inc. Primary antibodies against ABCC1 (cat. no. ab24102), ABCC2 (cat. no. ab203397), and ABCG2 (cat. no. ab24115) were obtained from Abcam. Primary antibodies against E-cadherin (cat. no. 20874-1-AP), vimentin (cat. no. 60330-1-Ig), Bcl-2 (cat. no. 12789-1-AP), p53 (cat. no. 10442-1-AP), ERCC1 (cat. no. 14586-1-AP), CA9 (cat. no. 11071-1-AP), DHRS2 (cat. no. 15735-1-AP), GAPDH (cat. no. 60004-1-Ig) and β-actin (cat. no. 60008-1-Ig) were obtained from Proteintech Group. The PrimeScripts RT reagent kit and SYBRs Premix Ex Taq™ were obtained from Takara (Takara Biotechnology Co., Ltd.).

### Cell culture and the establishment of an Oxa-resistant cell line

The HCT116 colorectal carcinoma cell line was obtained from the Type Culture Collection of the Chinese Academy of Sciences. HCT116 cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 culture medium (Gibco-BRL; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. The Oxa-resistant CRC cell line HCT116/Oxa was established in our laboratory. Briefly, HCT116 cells were exposed to a series of stepwise-increased concentrations of Oxa to develop an HCT116/Oxa-resistant cell line. Both cell lines were cultured in a 5% CO~2~ atmosphere at 37°C.

### Proteomic sample preparation

Cells were sonicated three times on ice using a high intensity ultrasonic processor (Ningbo Scientz Biotechnology Co., Ltd.) in lysis buffer (8 M urea, 1% protease inhibitor cocktail). After 12,000 × g at 4°C for 10 min, protein concentration was determined with a BCA kit (Beyotime Institute of Biotechnology) according to the manufacturer\'s instructions. For digestion, the protein solution was reduced with 5 mM dithiothreitol at 56°C for 30 min and alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness. Triethylammonium bicarbonate buffer (TEAB) was added to dilute samples. Finally, trypsin was added at a 1:50 trypsin: Protein mass ratio for the first digestion overnight and a 1:100 ratio for a second 4 h-digestion. Subsequently, peptides were then desalted by a Strata X C18 SPE column (Phenomenex), vacuum-dried, dissolved in 0.5 M TEAB, and labeled based on the tandem mass tag (TMT) kit. Briefly, 1 U of TMT reagent was dissolved in acetonitrile and added to peptides for incubation for 2 h at room temperature, followed by pooling, desalting, and drying by vacuum centrifugation. Agilent 300Extend C18 column (5 µm particles, 4.6 mm ID, 250 mm length) was used to fractionate peptides. Briefly, peptides were first separated with a gradient of 8 to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, they were combined into 18 fractions and subjected to vacuum-drying.

### Liquid chromatography-tandem mass spectrometry

The peptides were dissolved in 0.1% formic acid (solvent A), and separated using EASY-nLC 1000 ultra-performance liquid chromatography UPLC (Thermo Fisher Scientific, Inc.). The gradient was an increase from 6 to 23% solvent B (0.1% formic acid in 98% acetonitrile) over 26 min, 23--35% in 8 min, climbing to 80% in 3 min, and holding at 80% for the last 3 min at a constant flow rate of 400 nl/min.

The peptides were subjected to a nano electrospray ionization source followed by tandem mass spectrometry (MS/MS) in Q Exactive™ Plus (Thermo Fisher Scientific, Inc.) coupled online to the UPLC. The MS scan was set as 350--1,800 m/z and 70,000 resolution; the MS/MS scan was set as 100 m/z and 17,500 resolution. The automatic gain control was set at 5E4, and the data-dependent acquisition procedure was applied to data acquisition.

### Data analysis

The resulting MS/MS data were processed using the Maxquant search engine (v.1.5.2.8). Searches were performed against SwissProt human database (20,130 sequences) and reverse decoy database. Trypsin/P was specified as a cleavage enzyme allowing up to two missing cleavages. For precursor ions, the mass tolerances of the first search and main search were 20 and 5 ppm, respectively. The mass tolerance of fragment ions was 0.02 Da. The false discovery rate was adjusted to \<1% and the minimum score for peptides was set as \>40.

MS analysis of TMT-labeled samples was performed on Q Exactive Protein intensities resulting from average single TMT reporter ion intensities obtained for each peptide associated with a specific protein. The average ratio of differential TMT 127/126 expression (1.5-fold increase or decrease) represents the ratio of two samples. Specifically, differentially expressed proteins were identified in our TMT experiment using 1.5 and 0.67 as upregulation and downregulation cutoff points, respectively.

### Bioinformatics analysis (gene ontology and pathway analysis)

Gene Ontology (GO) annotation and enrichment analyses were performed using DAVID (the Database for Annotation, Visualization and Integrated Discovery). GO with a corrected P\<0.05 was considered to indicate a statistically significant difference. Additionally, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to identify enriched pathways by a two-tailed Fisher\'s exact test to assess the enrichment of differentially expressed proteins against all identified proteins. Pathways with a corrected P\<0.05 were considered significant. These pathways were classified into hierarchical categories according to the KEGG website.

### Oxaliplatin sensitivity assay

The viability of HCT116/Oxa cells and parental cell was measured by the CCK-8 assay (Dojindo Molecular Technologies, Inc.). Briefly, cells were seeded in 96-well plates at a density of 1.0×10^4^ cells and treated with different concentrations of Oxa for 48 h. Then 10 µl CCK-8 reagent was added to each well and incubated at 37°C for another 1 h. The absorbance was measured for each well at a wavelength of 450 nm. All assays were performed in triplicate.

### Cell migration experiment

The cell migration assay was performed using a Transwell system (8 µm; Corning Inc.) according to the manufacturer\'s protocol. Approximately 5×10^4^ cells were re-suspended in serum-free medium in the top chamber of the insert, and the bottom chamber was filled with DMEM/F12 containing 10% FBS. After 24 h of incubation, the cells that had migrated to the lower side of the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet for 20 min at room temperature. The images were captured using a fluorescence microscope (E1000M Eclipse; Nikon Corp., Tokyo, japan) and the migrated cells was counted.

### RNA interference

The siRNA against human ERCC1, DHRS2, p53 and control siRNA were synthesized by Shanghai GenePharma Co., Ltd. The sequence of the control siRNA was: 5′-UUCUCCGAACGUGUCACGUTT-3′. The target sequences for ERCC1 siRNA were: siRNA1, 5′-GCCAAGCCCUUAUUCCGAUTT-3′; and siRNA2, 5′-GCGACGUAAUUCCCGACUATT-3′. The target sequences for DHRS2 siRNA were: siRNA1, 5′-GCGUGGUUCCAGGAAUUAUTT-3′; and siRNA2, 5′-GCUGUCAUCCUGGUCUCUUTT-3′. The target sequences for p53 siRNA were: siRNA1, 5′-CCACCAUCCACUACAACUATT-3′; and siRNA2, 5′-CCACUGGAUGGAGAAUAUUTT-3′. Cells (1×10^6^/well) were seeded on a 6-well plate and cultured until the next day. They were then transfected with 100 pmol siRNA oligomer mixed with Lipofectamine 2000 reagent (Life Technologies; Thermo Fisher Scientific, Inc.) in serum-reduced medium according to the manufacturer\'s instructions. After 6 h, the medium was changed to complete culture medium, and the cells were incubated at 37°C in a CO~2~ incubator for another 24--48 h before harvest.

### Quantitative real-time PCR

Total RNA from cell lines was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s guidelines. A total of 500 ng RNA was converted into cDNA using the PrimeScript™ kit (Takara Bio, Inc.) under the following conditions: 37°C for 15 min, 85°C for 5 sec, and were held at 4°C. Quantification of target genes and the reference gene (GAPDH) was studied in triplicate on the ABI-7500 system (Applied Biosystems, Inc.; Thermo Fisher Scientific, Inc.) using SYBR-Green fluorescent-based assay (Takara Bio Inc.). The reaction conditions were as follows: Pre-denaturation at 95°C for 30 sec, followed by 40 cycles at 95°C for 5 sec and 60°C for 34 sec. The primers used were as follows: DHRS2 forward, 5′-TCACAGAAAGCCTAGCACAG-3′ and reverse, 5′-TGAGACCATCACCAAGCG-3′; GAPDH forward, 5′-GCACCGTCAAGGCTGAGAAC-3′ and reverse, 5′-TGGTGAAGACGCCAGTGGA-3′; ERCC1 forward, 5′-CTCAAGGAGCTGGCTAAGATGT-3′ and reverse, 5′-CATAGGCCTTGTAGGTCTCCAG-3′; vimentin forward, 5′-TGAGTACCGGAGACAGGTGCAG-3′ and reverse, 5′-TAGCAGCTTCAACGGCAAAGTTC-3′; and E-cadherin forward, 5′-TACACTGCCCAGGAGCCAGA-3′ and reverse, 5′-TGGCACCAGTGTCCGGATTA-3′. The quantification was based on ΔΔCq calculations ([@b24-or-0-0-7291]) and was normalized to GAPDH as a loading control.

### Immunofluorescence

Treated cells were washed with ice-cold phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 20 min, and permeabilized with 0.3% Triton X-100 for 10 min. After blocking with 2% bovine serum albumin for 30 min at room temperature, cells were incubated with primary antibodies against E-cadherin or vimentin (1:100 dilution) at 4°C overnight. Slides were then washed three times with PBS and incubated with Alexa Fluor 488 (1:1,000 dilution; cat. no Ab150077) or Alexa Fluor 594-conjugated secondary antibodies (1:1,000 dilution; cat. no. ab150120; both Abcam) for 1 h at room temperature. Nuclei were stained with 4′,6-diamidino-2-phenylindole (10 µg/ml) for 10 min. Samples were examined to analyze the expression of E-cadherin and vimentin.

### Western blotting

After washing three times with ice-cold PBS, cells were lysed by western blot lysis buffer containing 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Na-deoxycholate, 5 µg/ml aprotinin, 5 µg/ml leupeptin, and 1mM phenylmethylsulfonyl fluoride on ice. Lysates were centrifuged at 12,000 × g for 20 min at 4°C and denatured at 100°C for 10 min. Equal amounts of protein samples (30 µg/sample) were loaded in each well of a 10% sodium dodecyl sulfate polyacrylamide gel, then electrophoretically transferred onto 0.45 µm polyvinylidene difluoride membranes. Following blocking with 5% non-fat milk at room temperature for 2 h, the membranes were incubated with primary antibodies (1:1,000 dilution) at 4°C overnight, then with horseradish peroxidase-conjugated goat anti-mouse IgG (1:5,000 dilution; cat. no. SA00001-1) or horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000 dilution; cat. no. SA00001-2; both Wuhan Sanying Biotechnology) for 2 h at room temperature. Chemiluminescence reagent (Pierce; Thermo Fisher Scientific, Inc.) was used to detect specific immune complexes. Protein gray value detection was performed using ImageJ software (version 1.4.3.67; National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

Results were expressed as the means ± SD of three independent experiments unless otherwise specified. Data from two groups were compared using two-tailed unpaired Student\'s t-test. One-way analysis of variance (ANOVA) with Tukey\'s post hoc test was used to assess differences among groups. These analyses were performed using GraphPad Prism Software version 5.0 (GraphPad Software Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### ERCC1 is overexpressed in HCT116/Oxa cells and contributes to their resistance to Oxa

As revealed in [Fig. 1A](#f1-or-0-0-7291){ref-type="fig"}, HCT116/Oxa cells revealed increased resistance to Oxa compared with their parental cells. To explore which protein was responsible for Oxa resistance in HCT116/Oxa cells, western blot analysis was used. Elevated levels of ERCC1, a major protein involved in the nucleotide excision repair pathway, were observed in HCT116/Oxa cells compared with HCT116 cells ([Fig. 1B](#f1-or-0-0-7291){ref-type="fig"}). To confirm whether ERCC1 expression is involved in Oxa-resistance, the HCT116/Oxa cell sensitivity to Oxa was analyzed after ERCC1 knockdown. ERCC1 mRNA and protein expression levels were significantly suppressed by si-ERCC1 transfection in HCT116/Oxa cells ([Fig. 1C and D](#f1-or-0-0-7291){ref-type="fig"}), and ERCC1 knockdown effectively attenuated Oxa-resistance in HCT116/Oxa cells ([Fig. 1E](#f1-or-0-0-7291){ref-type="fig"}).

### HCT116/Oxa cells exhibit an EMT phenotype

EMT plays a critical role in drug resistance. Morphological analysis under an inverted phase contrast microscope revealed that HCT116 cells had a round morphology, while HCT116/Oxa cells were of irregular shapes including long strips, fusiform, and polygonal ([Fig. 2A](#f2-or-0-0-7291){ref-type="fig"}). These morphological differences indicated that HCT116/Oxa cells have a mesenchymal-like phenotype as evidenced by the relative downregulation of the epithelial biomarker E-cadherin and upregulation of the mesenchymal biomarker vimentin ([Fig. 2B and C](#f2-or-0-0-7291){ref-type="fig"}). The EMT phenotype of HCT116/Oxa cells was confirmed by immunofluorescence staining ([Fig. 2D](#f2-or-0-0-7291){ref-type="fig"}). The Transwell assay revealed that HCT116/Oxa cells had a higher capacity for migration relative to HCT116 cells ([Fig. 2E](#f2-or-0-0-7291){ref-type="fig"}).

### Identification of differentially expressed proteins and enrichment analysis

To gain further understanding of the molecular mechanisms involved in Oxa-resistance in HCT116/Oxa cells, TMT-based quantitative proteomic analysis was performed. A total of 5,345 proteins were identified in this study, of which 4,599 had available quantitative information. A full list of proteins and relevant MS data are presented in Supplementary Data I. Of the 4,599 commonly expressed proteins, 64 were upregulated (fold ratio \>1.5) and 50 were downregulated (fold ratio \<0.67) in HCT116/Oxa cells compared with HCT116 cells (a full list of proteins is presented in Supplementary Data II). The differential expression of proteins commonly expressed in parental and Oxa-resistant cell lines was further visualized using an expression-based heatmap ([Fig. 3A](#f3-or-0-0-7291){ref-type="fig"}).

To classify categories of commonly expressed proteins and canonical pathways affected by the up- or downregulation of these proteins, GO enrichment analysis was performed using DAVID and KEGG. The enrichment analysis of dysregulated proteins in cellular component, biological process, and molecular function is presented in [Fig. 3B](#f3-or-0-0-7291){ref-type="fig"}. In cellular component analysis, the majority of identified proteins were classified into the extracellular region, extracellular region part, extracellular space, and extracellular exosome. Molecular functional classification revealed that most of these proteins were involved in oxidoreductase activity, aldehyde dehydrogenase \[NAD(P)^+^\] activity, oxidoreductase activity, acting on the CH-OH group of donors, and virus receptor activity. Regarding biological processes, most of the identified proteins were enriched in small molecule metabolic processes, single organism metabolic processes, oxidation-reduction processes, and organic acid metabolic processes. KEGG analysis identified nine significant pathways (P\<0.05; [Fig. 3C](#f3-or-0-0-7291){ref-type="fig"}), with lysosome and central carbon metabolism in cancer being the most significantly enriched. Notably, there was a good agreement of selected validation immunoblots with MS data ([Fig. 3D](#f3-or-0-0-7291){ref-type="fig"}).

### DHRS2 knockdown reverses Oxa resistance through ERCC1 in HCT116/Oxa cells and inhibits OXA-induced EMT

To explore the role of DHRS2 in CRC cell Oxa-resistance, transient knockdown experiments were next performed. HCT116/Oxa cells transfected with control or DHRS2 siRNAs were treated with different concentrations of Oxa. As revealed in [Fig. 4A and B](#f4-or-0-0-7291){ref-type="fig"}, DHRS2-specific siRNA significantly reduced DHRS2 mRNA and protein expression. The CCK-8 assay revealed that the suppression of DHRS2 decreased the viability of HCT116/Oxa cells compared with cells transfected with control siRNA ([Fig. 4C](#f4-or-0-0-7291){ref-type="fig"}). Transwell assays revealed that the migration capacities of HCT116/Oxa cells were reduced in the si-DHRS2 group relative to the si-NC group ([Fig. 4D](#f4-or-0-0-7291){ref-type="fig"}).

To investigate the function(s) of DHRS2 in Oxa-resistance in HCT116/Oxa cells with an EMT phenotype, the protein expression of ERCC1 and E-cadherin was assessed. Western blotting demonstrated reduced expression of ERCC1 and increased expression of E-cadherin in the si-DHRS2 group compared with the si-control group ([Fig. 4E](#f4-or-0-0-7291){ref-type="fig"}). Collectively, these data revealed that DHRS2 is an important factor in Oxa resistance and EMT in CRC cells.

### DHRS2 confers Oxa resistance through the p53/ERCC1 pathway

Next, the mechanism underlying the involvement of DHRS2 in Oxa-resistance in CRC cells was explored. Because DHRS2 has been reported to stabilize p53 in an osteosarcoma cell line ([@b25-or-0-0-7291]), it was examined whether it was also stabilized in HCT116/Oxa cells. Our previous results revealed that DHRS2 and p53 were markedly increased in HCT116/Oxa cells compared with the parental cell line. Silencing of DHRS2 in HCT116/Oxa cells by siRNA decreased p53 compared with control cells ([Fig. 5A](#f5-or-0-0-7291){ref-type="fig"}). To assess whether p53 regulates ERCC1 expression, p53 siRNA was used and the results revealed a significant decrease of ERCC1 protein expression ([Fig. 5B](#f5-or-0-0-7291){ref-type="fig"}).

Discussion
==========

Although recent chemotherapy regimens have significantly improved the survival of patients with metastatic disease, almost all patients with CRC eventually become chemo-resistant with distant metastases ([@b26-or-0-0-7291],[@b27-or-0-0-7291]). Therefore, it is critical to delineate drug resistance mechanisms to commonly used therapeutic agents such as Oxa to improve CRC patient survival.

CRC cells develop resistance to Oxa through a reduction of cellular accumulation, intracellular inactivation, blocking the induction of apoptosis, and the enhancement of DNA repair. ERCC1 is an important mediator of nucleotide excision repair (NER), and is widely recognized as a powerful component of the DNA repair mechanism ([@b28-or-0-0-7291]). Previous studies have revealed that ERCC1 expression levels are positively correlated with the DNA repair capacity, and are associated with cellular and clinical resistance to platinum-based therapy of lung, ovarian, and gastric cancer ([@b6-or-0-0-7291],[@b29-or-0-0-7291],[@b30-or-0-0-7291]). Furthermore, several prospective validation studies revealed that ERCC1 expression may serve as a biomarker for platinum-based therapy responses ([@b31-or-0-0-7291]--[@b33-or-0-0-7291]). In the present study, the Oxa-resistant human CRC cell line HCT116/Oxa was successfully established. It was revealed that of several selected drug resistance-associated proteins, the expression of ERCC1 was the most elevated in these cells, and that reducing ERCC1 expression resulted in loss of the chemo-resistant phenotype. These results suggested that the aberrant expression of ERCC1 may be a major cause of chemotherapy resistance in HCT116/Oxa cells.

To further explore the mechanisms of Oxa-resistance in HCT116/Oxa cells, we searched for proteins associated with drug resistance in parental HCT116 cells and HCT116/Oxa cells using TMT-based quantitative proteomics. DHRS2 expression was the most significantly upregulated in HCT116/Oxa cells, and this was confirmed by western blotting. Moreover, knockdown of DHRS2 in HCT116/Oxa cells resulted in an enhancement of Oxa-sensitivity, while DHRS2 silencing suppressed ERCC1 expression. These results indicated that DHRS2 facilitates HCT116/Oxa cell chemotherapy sensitivity to Oxa by promoting the expression of ERCC1.

DHRS2 was previously reported to bind to mouse double minute 2 homolog (MDM2), resulting in the attenuation of MDM2-mediated p53 degradation ([@b25-or-0-0-7291]). Consistent with this, in the present study it was revealed that p53 was decreased in si-DHRS2 HCT116/Oxa cells and was increased in DHRS2-overexpressing HCT116/Oxa cells compared with HCT116 cells. p53 is one of the most well-studied tumor suppressor genes. It could be activated through a myriad of cellular stresses ranging from DNA damage to hypoxia, stress, and a plethora of other causes. Upon activation, p53 acts as a zinc-containing transcription factor that regulates downstream genes, including p21 which leads to cell cycle arrest, as well as PUMA/FAS/BAX which induce apoptosis ([@b34-or-0-0-7291]). Previous studies have demonstrated that p53 also modulates cisplatin sensitivity and the NER pathway in response to cisplatin-induced DNA damage. Liu *et al* ([@b35-or-0-0-7291]) reported that p53 directly bound the ERCC1 promoter and induced gene expression, which protected cells from cisplatin-induced DNA damage. In the present study, p53 silencing in HCT116/Oxa cells significantly reduced ERCC1 expression, indicating that the Oxa-induced DNA damage function of DHRS2 occurs via stabilization of p53 and upregulation of ERCC1.

Recent studies have revealed that EMT is a vital process that modulates cancer progression and metastasis. Moreover, accumulating evidence implicates EMT in drug resistance ([@b36-or-0-0-7291]), while some cultured resistant cells expressing aggressive phenotypes have the EMT phenotype ([@b37-or-0-0-7291]). Similarly, in the present study, it was demonstrated that HCT116/Oxa cells displayed an EMT phenotype, with decreased E-cadherin and increased vimentin expression, and enhanced migratory capacity. Further analyses observed the opposite effects following the silencing of DHRS2. Recently, it was reported that DHRS2 inhibits cell growth and motility in ESCC ([@b38-or-0-0-7291]). Additionally, the overexpression of miR-145-3p significantly reduced ESCC cancer cell proliferation, migration, and invasive abilities by silencing DHRS2 ([@b21-or-0-0-7291]). A set of transcriptional factors have been implicated in the regulation of EMT, including Snail, Slug, ZEB1, and Twist ([@b39-or-0-0-7291]). Among them, Snail and Slug are degraded by ubiquitination via the proteasome pathway resulting in E-cadherin expression ([@b40-or-0-0-7291],[@b41-or-0-0-7291]). It has been revealed that MDM2, one of the E3 ligases of p53, reduces lung cancer mobility and metastasis through mediation of Slug degradation via the ubiquitination proteasome pathway ([@b41-or-0-0-7291],[@b42-or-0-0-7291]). Accordingly, it was speculated that DHRS2 expression may prompt the migration of CRC cells by interacting with E3 ubiquitin ligase MDM2 and interfere with its function which suppresses degradation of EMT-inducing transcriptional factor Slug/Snail. Further experiments are required to elucidate the exact mechanism of DHRS2 in the regulation of the EMT process in cancer cells.

In conclusion, it was revealed that HCT116/Oxa cells acquire EMT features and demonstrate increased migration compared with parental HCT116 cells. It was also revealed that DHRS2 regulated ERCC1 to promote chemotherapy resistance through a p53-dependent pathway, and mediated EMT by suppressing E-cadherin expression. The present study identifies DHRS2 as a potential CRC therapeutic target for simultaneous addressing of cancer metastasis and chemoresistance.
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![ERCC1 is overexpressed in HCT116/Oxa cells and contributes to Oxa resistance. (A) Viability of HCT116 and HCT116/Oxa cells after treatment with different concentrations of Oxa for 48 h. (B) Expression of resistance-related proteins was evaluated by western blotting. (C and D) Expression analysis of ERCC1 in HCT116/Oxa cells infected with si-ERCC1 by real-time PCR and western blotting. (E) HCT116/Oxa cells transfected with si-NC, si-ERCC1-1, or si-ERCC1-2 were treated with increasing concentrations of Oxa for 48 h. Data are expressed as the means ± SD from three independent experiments. \*P\<0.05. ERCC1, excision repair cross-complementing group 1; Oxa, oxaliplatin.](or-42-05-1725-g00){#f1-or-0-0-7291}

![HCT116/Oxa cells exhibit an EMT phenotype compared with HCT116 cells. (A) Morphology of HCT116 and HCT116/Oxa cells. Scale bars, 20 µm. (B) The expression of E-cadherin and vimentin in HCT116 and HCT116/Oxa cells was examined by western blotting. β-actin was the loading control. (C) Quantitative real-time PCR was used to quantify E-cadherin and vimentin mRNA expression in HCT116 and HCT116/Oxa cells. (D) E-cadherin and vimentin expression was confirmed by immunofluorescence. (E) Transwell migratory assay revealed a significantly increased migratory ability of HCT116/Oxa cells compared with HCT116 cells. \*P\<0.05. Oxa, oxaliplatin; EMT, epithelial-mesenchymal transition.](or-42-05-1725-g01){#f2-or-0-0-7291}

###### 

Bioinformatics analysis of proteins and pathways. (A) Heatmap of the expression levels of 114 dysregulated proteins. Increased and decreased proteins are represented by a range of red and green intensities, respectively. (B) GO enrichment analysis of dysregulated proteins involved in cell components, molecular functions, and biological processes. (C) Distribution of enriched KEGG pathways. (D) Validation of DHRS2 expression in HCT116 and HCT116/Oxa cells. \*\*P\<0.01. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of of Genes and Genomes; DHRS2, dehydrogenase/reductase SDR family member 2; Oxa, oxaliplatin.
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![DHRS2 downregulates ERCC1 expression and decreases cell sensitivity to Oxa. (A) DHRS2 was effectively silenced at the mRNA level by siRNA as revealed by quantitative real-time PCR. (B) DHRS2 was effectively silenced at the protein level by siRNA as revealed by western blot analysis. (C) CCK-8 assays identifying the role of DHRS2 in HCT116/Oxa cells. (D) Transwell assays revealed that si-DHRS2 inhibited the migration of HCT116/Oxa cells. (E) HCT116/Oxa cells were transfected with si-NC or si-DHRS2 for 48 h, and then the expression of DHRS2, ERCC1, and E-cadherin was examined by western blotting. \*P\<0.05. DHRS2, dehydrogenase/reductase SDR family member 2; ERCC1, excision repair cross-complementing group 1; Oxa, oxaliplatin.](or-42-05-1725-g04){#f4-or-0-0-7291}

![DHRS2 downregulates ERCC1 in a p53-dependent manner. (A) The effect of DHRS2 knockdown on the expression of p53 protein. (B) The effect of p53 knockdown on the expression of ERCC1 protein. \*P\<0.05. DHRS2, dehydrogenase/reductase SDR family member 2; ERCC1, excision repair cross-complementing group 1; Oxa, oxaliplatin.](or-42-05-1725-g05){#f5-or-0-0-7291}
